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Introduction
The vascular endothelium consisting of a single cell layer lining all vessels, acts as a physiological barrier and plays an important role in maintaining the vascular homeostasis. Damage to the endothelial barrier results in pathological vascular hyperpermeability, which is commonly attributed to the reorganization of actin cytoskeleton, followed by contraction of cells and formation of paracellular gaps [1] . Multiple pathological events and proinflammatory cytokines, such as the ischemic/reperfusion (IS/RP) injury, transforming growth factorbeta (TGF-β), and tumor necrosis factor-alpha (TNF-α) can trigger downstream signals that initiate reorganization of the actin cytoskeleton and thus the endothelial hyperpermeability and barrier dysfunction [2, 3] .
The very-low-density-lipoprotein (VLDL) receptor is a transmembrane lipoprotein receptor of the low-density-lipoprotein (LDL) receptor family. VLDL receptor is found throughout the body, with particularly high expression in fatty acid tissues due to their high level of triglycerides, VLDL receptor's primary ligand. These tissues include those of the heart, skeletal muscle, and adipose layer. In addition, the receptor is also found in endothelial cells [4, 5] . The biological function of VLDL receptor is associated with lipoprotein uptake, endocytosis, neuronal migration and so on. Recently, some study indicates a role of VLDL receptor in the endothelial pathology. It was suggested that VLDL receptor mediated activation of retinal vascular endothelial cells and promotion of angiogenesis [6, 7] . However, no further study was provided to elucidate the effects of VLDL receptor on the other endothelial pathological events, such as barrier dysfunction.
S. miltiorrhiza, commonly named ''Danshen'' in China, is a valuable medicinal plant [8] , and can be used to alleviate some significant symptoms of cardiovascular disease. It is also an important ingredient of compound danshen dripping pills which have been passed phase II human clinical trial of U.S. Food and Drug Administration (FDA). Salvianolic acid A (SalA), is one of the main active, water-soluble components in S. miltiorrhiza. Previous studies have indicated the beneficial effects of SalA on preventing oxidative stress, platelet aggregation, ischemia, and hepatocirrhosis [9] . In the present study, we, for the first time, provide evidence for the protective effect of SalA on IS/RP-induced endothelial barrier dysfunction through down-regulation of VLDL receptor expression in human umbilical endothelial cells (HUVECs).
Materials and Methods

Chemicals and reagents
Anti-VLDL receptor (VLDL-R) antibody was obtained form R&R Systems, and Anti-GAPDH and HRPconjugated secondary antibodies were from Cell Signaling Technology. SB203580 was obtained from Calbiochem. ROS detection kit was purchased from Beyotime Company (Jiangsu, China). All other chemicals were from Sigma.
Cell culture
Human umbilical endothelial cells (HUVECs) (Sciencell) were cultured in endothelial cell medium (ECM) supplemented with endothelial cell growth supplement (ECGS), 5% fetal bovine serum (FBS), and penicillin/streptomycin (P/S) solution (Sciencell) in an incubator with 37°C, 5% CO 2 . For experiments, cells of passage no. 4-6 were grown until confluence. In some experiments, HUVECs were pretreated with SalA or SB203580 for 30 min and then subjected to the stimulated IS/RP protocol.
Stimulated IS/RP experimental protocol
HUVECs were subjected to oxygen-glucose deprivation (OGD) injury [10, 11] . The OGD injury was initiated by placing cells in a tri-gas incubator with an atmosphere of 37°C, 5% CO 2 , 94% N2, and 1% O 2 , and in the presence of OGD media for 5 h (IS). After that, the exposure medium was replaced with oxygenated ECM, and the cells were placed in an incubator at 37°C, 5% CO 2 (RP), to mimic the reperfusion conditions at different time points as indicated. 
Permeability assay
HUVECs were cultured in the transwell plates (0.4 mm, Costar). Cells were pretreated with SalA for 30 min and subjected to IS 5h and RP 6h. Then, fluorescein-isothiocyanate-labelled bovine serum albumin (BSA) (FITC-BSA, 10 mg/mL, Sigma) was given to the cells. Cell culture medium from the lower compartment was removed after 60 min. FITC-BSA was quantified in a fluorescence spectrofluorophotometer. Bovine serum albumin flux was valued as a ratio between fluorescence intensities in the lower compartment (60 min) and the upper compartment (0 min) [12] .
Immunofluorescence staining of ZO-1 protein HUVECs were fixed at room temperature in PBS containing 2% paraformaldehyde for 10 min. After washes with PBS, cells were permeabilized at room temperature for 5 min with 0.1% Triton X-100. Cells were also blocked with 2% BSA in PBS at room temperature for 30 min and washed with PBS. After that, cells were incubated with primary antibody to ZO-1 (0.5 ug/ml) (BD Biosciences) for 48 h at 4°C. After three time washes with PBS, cells were incubated with fluorescent conjugated secondary antibodies (BD Biosciences). After that, nuclei were counterstained with the DNA-binding dye 2-(4-amidinophenyl)-6-indolecarbamidinedihydrochloride (DAPI). Stained HUVECs were observed under a laser confocal scanning microscope (TCS SP2; Leica).
Actin cytoskeleton staining
Actin cytoskeleton was stained using the Rhodamine-Phalloidin Based F-Actin Visualization Biochem Kit (Cytoskeleton) according to the manufacture's instructions. Briefly, HUVECs were cultured and fixed with paraformaldehyde and permeabilized for 5 min with 0.1% Triton X-100. Cells were then incubated with a 1% solution of BSA for 30 min in room temperature, and stained with rhodamine-phalloidin [12] . After that, nuclei were counterstained with the DAPI. Stained HUVECs were visualized using a laser confocal scanning microscope (TCS SP2; Leica).
Image analysis of gap formation
To detect the formation of paracellular gaps, images of rhodamine-stained endothelial cell monolayers were processed with MetaVue 4.6 software (Universal Imaging, Downington, PA, USA) as described previously [12] . Briefly, paracellular gaps were manually marked out, and images were differentially segmented between gaps (black) and cells (highest gray value) based on image gray scale levels. The gap formation was expressed as a ratio of the gap area to the area of the whole image. The values were statistically processed using Sigma Plot 7.1 (SPSS Science, Chicago, IL, USA) software.
Determination of ROS generation
The intracellular ROS levels were determined by measuring the oxidative conversion of cell permeable 2',7'-dichlorofluorescein diacetate (DCFH-DA) to fluorescent dichlorofluorescein (DCF) in a fluorospectrophotometer (F4000, Japan). Briefly, cells in 6-well culture dishes were pretreated with SalA for 30 min and subjected to IS 5h and RP 6h, and then were washed with D-Hank's and incubated with DCFH-DA at 37°C for 20 min. Then DCF fluorescence distribution of cells was analyzed by a fluorospectro-photometer at an excitation wavelength of 488 nm and at an emission wavelength of 525 nm.
siRNA transfection
HUVECs were transfected with 50 nmol/L VLDL receptor (VLDL-R) siRNA or nontargeting siRNA obtained from Dharmacon as described previously [12] . The nontargeting siRNA was used as transfection control for non-sequence-specific effects of the transfected siRNAs.
Quantitative real-time RT-PCR analysis
Total RNA was purified from HUVECs with Trizol (Invitrogen). Realtime PCR was performed using Bio-RAD iQ5 Multicolor Real-Time PCR Detection System with SYBR Green as fluorescent and ROX (Takara) as reference dyes as described previously [13] . The specific primers used were as follows: human VLDL receptor: 5'-GTGGAAAATGTGATGGGGATG-3' (forward), 5'-CCATTGTTGCACACGAAGTC-3' (reverse); Human GAPDH: 5'-GACCCCTTCATTGACCTC-3' (forward), 5'-GCTAAGCAGTTGGTGGTG-3' (reverse).
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Western blot analysis
Immunoblotting was performed according to the previous protocols [11] . Total proteins were extracted from HUVECs using cell lysis buffer. Protein (40-60 ug) from each sample were separated by SDS-PAGE, transferred to nitrocellulose membranes, and probed with primary antibodies and then with horseradish peroxidase-conjugated secondary antibodies. The enhanced chemiluminescence signal was quantified using a densitometry program (Gel-pro 4.5 Analyzer, Media Cybernetics). To quantify the protein signal, we subtracted background, normalized the value to GAPDH. As for the phospho-specific protein, we normalized the signal to the amount of total target protein and GAPDH.
Statistical analysis
Each experiment was performed at least in triplicate. For comparisons between two groups the MannWhitney U test for non-parametric data was performed. The data were considered to be significant at P<0.05. SPSS software was used for data analysis.
Results
SalA inhibited IS/RP-induced endothelial hyperpermeability
We firstly investigated the biological role of SalA in IS/RP-induced endothelial dysfunctions. According to our previous research, the SalA concentrations of 50, 100 and (Fig. 1B) . After IS/RP, cells showed discontinuous distribution and decreased intensity of ZO-1 staining, which was largely restored by pretreatment with SalA at the concentration of 100 or 200ng/L (Fig. 2B) . Further, Figure 1B showed that IS/RP resulted in a significant formation of actin stress fibers, and SalA markedly inhibited IS/RPinduced actin cytoskeleton alterations at the concentration of 100 or 200ng/L. In addition, . The protein levels of p-p38, p38, VLDL receptor and GAPDH were detected by immunoblot analysis using indicated antibodies. A representative blot (top) was shown. Box plot showed the expression levels of p-p38 and VLDL receptor (bottom) (n=4 per group). *P<0.05 vs. untreated control cells. The line within the box plot corresponds to the median value. (C) HUVECs were pretreated with SB203580 (10 mmol/L) for 30min prior to IS/RP treatment. The protein levels of p-p38, p38, VLDL receptor, and GAPDH were detected by immunoblot analysis using indicated antibodies and a representative blot was shown (n=4).
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Cellular Physiology and Biochemistry the paracellular gap area was also measured. IS/RP lead to increased paracellular gap area, SalA markedly ameliorated enlargement of intracellular space at the concentration of 100 or 200ng/L (Fig. 2B) .
SalA attenuated IS/RP-induced endothelial ROS generation
The intracellular ROS generation is a crucial mediator to trigger cytoskeleton reorganization and endothelial hyperpermeability [14, 15] . Thus, we investigated whether SalA function as an effective anti-oxidant in endothelial cells after IS/RP. Compared with control cells, IS/RP significantly increased the intracellular level of ROS (Fig. 2) . Pretreatment of cells with SalA (100 or 200ng/L) effectively inhibited the elevated intracellular concentration of ROS induced by IS/RP. However, low concentration of 50ng/L had no significant effect on the intracellular level of ROS (Fig. 2) .
IS/RP induced expression of VLDL receptor
In our preliminary microarray test, we found that mRNA expression of VLDL receptor was induced by IS/RP and inhibited by SalA pretreatment (data not shown). Thus, we firstly tested expression of VLDL receptor under condition of IS/RP. As shown in Figure 3A and B, the VLDL receptor expression was increased by IS/RP treatment and peaked at reperfusion for 4 hour, followed by a decline at reperfusion for 6 hour. It is reported that activation of p38 MAPK signaling plays an essential role in IS/RP-induced endothelial injury [16, 17] . In our results, IS/RP triggered the activation of p38 MAPK signaling significantly at the time points of 4 and 6 hour (Fig. 3B) . Interestingly, inactivation of p38 MAPK by SB203580 largely abolished the enhanced expression of VLDL receptor under condition of IS/RP (Fig. 3C) .
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SalA inhibited IS/RP-enhanced expression of VLDL receptor
Next, we tested whether SalA altered the VLDL receptor expression. As shown in Figure  4A and B, IS/RP resulted in increase of VLDL receptor mRNA and protein levels, which was sufficiently abolished by SalA treatment at the concentration of 100 or 200ng/L. Importantly, corresponding to the SalA-altered VLDL receptor expression, IS/RP-induced activation of p38 MAPK signaling was also suppressed by SalA treatment markedly (Fig. 4B) .
Suppression of VLDL receptor expression inhibited endothelial hyperpermeability
To investigate the role of endogenous VLDL receptor expression in IS/RP-induced endothelial dysfunction, we used the siRNA technique to suppress VLDL receptor expression in HUVECs. We first optimized the conditions for cell transfection and tested VLDL receptor expression level. A significant reduction of VLDL receptor expression was observed in cells transfected with VLDL receptor siRNA compared with non-targeting siRNA (Fig. 5A) . Furthermore, VLDL receptor siRNA markedly abolished the IS/RP-induced hyperpermeability and paracellular gap formation, whereas non-targeting siRNA had no effect (Fig. 5B, C) . Additionally, the protective effect of SalA in IS/RP-induced endothelial barrier dysfunction was similar with the endothelial response triggered by VLDL receptor siRNA treatment (Fig. 5B, C) .
Suppression of VLDL receptor expression attenuated intracellular ROS generation
We further detected the role of VLDL receptor in IS/RP-induced ROS generation. As shown in Figure 6 , transfection of cells with VLDL receptor siRNA markedly abolished the 
IS/RP-enhanced intracellular ROS level, whereas non-targeting siRNA had no obvious effect.
In addition, the inhibition of ROS level by SalA was in agreement with the effect induced by VLDL receptor siRNA transfection (Fig. 6) .
Discussion
In the present study, we provided evidence for the first time that SalA, a potential drug component from a medicinal plant, attenuated IS/RP-induced endothelial barrier dysfunction and intracellular ROS generation. The endothelial barrier dysfunction was mediated through the induction of VLDL receptor expression by IS/RP-activated p38 MAPK signaling. Moreover, SalA effectively inhibited IS/RP-induced p38 MAPK activation and VLDL receptor expression. Thus, our results provided a novel mechanism that could contribute to understand the protective action of SalA against IS/RP-induced barrier dysfunction in endothelial cells.
The vascular endothelium is a semi-selective diffusion barrier between the blood plasma and interstitial tissue. It has been previously reported that cytoskeleton reorganization, such as disruption of actin filaments and the formation of stress fibers leads to cell contraction and paracellular gap formation, thereby enhancing endothelial permeability [1, 2, 18] . The formation of paracellular gaps in vascular endothelium is regarded as one of the crucial steps for the development of multiple pathological events, such as inflammation and atheromatous plaque lesions [19, 20] . ROS is accepted generally to be multi-faceted regulator in various pathological states. To date, an accumulated evidence connected ROS generation within cells to the regulation of actin cytoskeleton reorganization and cellular activities driven by this process, such as shape changes, though no interaction between any ROS and actin or actinbinding proteins has been directly demonstrated in vivo.
SalA is one of the main active, water-soluble ingredient in S. miltiorrhiza, which is commonly named ''Danshen'' in China, and has been widely used as a medicinal plant for more than two thousand years [8] . Moreover, S. miltiorrhiza is an important part in compound danshen dripping pills which have a therapeutic potential on cardiac arrest treatment and have been passed phase II human clinical trial of FDA. Nowadays, modern medical research described many beneficial effects of SalA on cardiovascular system [9] . SalA was suggested to be effective in anti-oxidation, anti-apoptosis, and anti-inflammation in numerous pathological stimuli-induced cardiovascular injury [9] . In the present study, SalA attenuated IS/RP-induced endothelial hyperpermeability (Fig. 1A) . Specifically, endothelial actin stress fiber formation and paracellular gap formation were effectively (Fig. 1B, C) . It is well known that tight junctions between cells contributes to barrier function. As an important component of tight junctions, ZO-1 serves as a bridge between transmembrane proteins and cytoskeleton proteins, and this interaction is important to the stability and function of endothelial barrier. In our results, IS/RP-induced discontinuous distribution and decreased intensity of ZO-1 staining were largely restored by SalA treatment (Fig. 1B) . The generation of ROS triggers actin cytoskeleton reorganization [21, 22] . Thus we tested the effect of SalA on intracellular ROS level. Notably, our results showed that IS/RP promoted intracellular ROS level, which was markedly inhibited by SalA treatment in a dose-dependent manner (Fig. 2) . Taken these results together, SalA maybe functioned as a protective agent in IS/RP-induced endothelial barrier dysfunction. Previously, it was proposed that the VLDL receptor mediated the delivery of VLDLderived lipids to peripheral tissues, because it bound VLDL with high affinity in cultured cells and was expressed at high concentrations in tissues that take up VLDL-derived lipids, including muscle, heart, fat, and brain. Interestingly, the VLDL receptor was also expressed at high levels on the endothelial surface [23] , however no further information existed on the correlation between VLDL receptor and endothelial cell biology, except for cellular lipid metabolism. Studies indicated that VLDL receptor was essential for the inhibition of cell division in microvascular endothelial cells and that loss of VLDL receptor activated retinal vascular endothelial cells and promoted angiogenesis [6, 7] , suggesting a essential role of VLDL receptor in regulation of endothelial activity. It is likely a general phenomenon that VLDL receptor expression is promoted by hypoxia, as hypoxia has previously been shown to increase Vldlr mRNA expression in Muller cells [24] and human monocytes [25] . In agreement with those findings, our study showed that IS/RP induced VLDL receptor expression at both mRNA and protein levels (Fig. 3A, B) . Importantly, inactivation of p38 MAPK suppressed the expression of VLDL receptor (Fig. 3C) , suggesting that p38 MAPK signaling play a role in the IS/RP-induced VLDL receptor expression. Notably, VLDL receptor (VLDL-R) knockdown experiments further supported a causal relationship between IS/RP-mediated induction of VLDL receptor expression and endothelial barrier dysfunction and intracellular ROS generation ( Fig. 5 and Fig. 6) .
Recently, mechanisms elucidating the role of SalA in regulation of biological processes in endothelial cells, vascular smooth muscle cells, and cardiomyocytes have been investigated [26] [27] [28] . It has been described that SalA might be a cardiovascular protective agent during IS/RP injury, mainly through its anti-apoptosis activity via induction of Bcl-2 and inhibition of Bax [29, 30] . Further, anti-inflammatory property of SalA was suggested as well which was correlated with the inhibition of granulocyte adherence [31] . Our results provided evidence that SalA markedly inhibited p38 MAPK activation and VLDL receptor expression (Fig. 4A) thus suggesting a novel mechanism to demonstrate the beneficial effect of SalA on vascular health.
In conclusion, our results demonstrated, for the first time, that SalA repressed IS/RPinduced endothelial barrier dysfunction and intracellular ROS generation in HUVECs via inhibited expression of VLDL receptor that represented a novel and crucial mediator of the barrier dysfunction in endothelial cells. Elucidation of the molecular mechanisms by which SalA preserves the barrier function of endothelial cells may have significance for therapy to reduce vascular IS/RP injury.
